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Summary

The use of laser cooled stored ions in an
atomic frequency standard has the potential of very
high accuracy because Doppler effects are greatly
suppressed. A clock based on ,the ground-state
hyperfine transition in 201{g has potential
accuracy and stability exceeding 1 part in 10%%,
However, laser cooled °Be ians age experimentally
easier to obtain. Therefore a ®Be based frequency
standard is investigated in order to study the
generic problems of laser cooled stored ion
frequency standards. Approximately 300 °Be ions
are stored in a Penning trap and laser cooled. The
303 MHz ground state (M., MJ)=(~3/2,1/2)9(—%,%)
nuclear spin flip hyperfine transition is observed
at a magnetic field (~0.82T) where the transition
frequency is independent of magnetic field to first
order. The time domain Ramsey method of
interrogation is used and yields a linewidth of 25
mHz. The stability of an oscillator locked to this
transition has been_pmeasured for 400 s< 1t <3200s to
be o (v)z2x10 -1 ¢ By measuring the velocity
distribution of the ions, the second-order Doppiler
shift is determined to be on the order of 5x10°14,
The magnetic field instability contributes a
3x10~1% uncertainty in the present experiment. A1l
other systematic uncertainties are estimated to be
no greater than 3x1071%,

Introduction

Because stored ion techniques provide long
confinement times with minimal perturbations, they
provide the basis for improved time and frequency
standards!. Several groups have sought to develop a
microwave frequency standard based on !°%°Hg ions in
an rf trap?=5. The choice of the 19°Hg ion for a
microwave stored ion frequency standard is based on
its 40.5 GHz ground-state hyperfine separation,
which is the largest of any ion which might easily
be used in a frequency standard (hence high @ for a
given interrogation time), and its relatively large
mass, (hence small second-order Doppler, shift at a
given temperature). In addition, a 2°2Hg lamp

source can be used to optically pump the 199Hg+
ground state. Experiments on Hg ions to date
have been unsuccessful in cooling the ions to the
ambient room temperature. This results in a
relatively large second-order Doppler or time-
dilation shift which may be difficult to evaluate
to better than about 10 <22, NBS has proposed® an
ion frequency standard based _on a ground-state
hyperfine transition in 2%lHg {ons stored in a
Penning trap and cooled to below 1K by lase

radiation pressure. The laser cooling of the Hg

ions is made difficult by the requirement for a
194 nm tunable, narrowband source and by depopula-
tion optical pumping of the ground state. Laser
cooling of ©°Be ions is experimentally much
easjer. Therefore it is useful to investigate a
9Be based frequency standard in order to study
the generic problems of stored ion frequency
standards, even though the potential performance
is not as high as for Hg ions, due to the lower
transition frequency.

Experimental Method

Clouds of ©9Be' idons are confined by the
static magnetic and electric fields of a Penning
trap and stored for hours (see Fig. 1). The ions
are created inside the trap by electron bombard-
ment of Be atoms evaporated from an oven located
outside the trap electrodes. During a run, the
oven is turned off, and the residual pressure is
estimated to be less than 10~7 Pa. The trap is
made of gold mesh endcaps and a molybdenum mesh
ring electrode. The center of the trap is at one
focus of an ellipsoidal mirror; the second focus
is outside the vacuum system. A lens is used to
collimate the fluorescence light into a photo-
multiplier tube. The dons are laser cooled,
compressed, and pumped into the (MI,MJ)= (-3/2,
-1/2) ground state by a laser tuned to” the 2s2S
(-3/2,-1/2) ~» 2p2P3 (-3/2,-3/2) (A=313 nm) transi
tion.? The 313 nm {?ght is obtained by generating
the second harmonic of the output of a single mode
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Figure 1.

Electrode configuration for a Penning trap. In this

experiment Bg = 0.8194 T, 1.64z0=r9=0.417 cm, and Vo=1V.
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Figure 2. Hyperfine structure of the 9Be+ 2528,
ground state as a function of magnef?c
field. vy is the clock transition.

cw dye Tlaser in a 90° phase-matched cyrstal of
rubidium dihydrogen phosphate (RDP). The power is
typically 20 pW. The size, density, and temperature
of the ion clouds are determined by using a second
probe laser.® Typical clouds consist of at most
several hundred ions with cloud densities of 1-2x107
ions/cm® and cloud diameters ranging from 100 to 300
pm. Ion temperatures of around 100 mK are obtained
with the laser on continuously.

At a magnetic field of about 0.8194T, the
(-3/2,1/2) » (-%,%) ground state hyperfine transi-
tion v, (see Fig. 2), depends only quadratically on
the magnetic field deviation AB.
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Linewidths which, to a high degree, are indepen-
dent of the magnetic field homogeneity and stabil-
ity are obtained by using a first order magnetic
field independent transition like v; as the clock
transition.® Microwave radiation tuned to the
electron spin flip resonance (~23 914.01 MHz)
transfers half of the ion population from the
optically pumped (-3/2,-1/2) state to the (-3/2,
+1/2) state. Some of the (-3/2,+1/2) state
population is transferred to the (-%,+%) state by
application of rf near the 303 MHz clock transi-
tion frequency. This results in a decrease in the
optically pumped (-3/2,-1/2) state population
because of the microwave mixing and a decrease in
the fluorescence light detected by the photomulti-
plier tube.

The time domain Ramsey method is used to
probe the v; clock transition. First a 0.5s rf
pulse 1is applied to the trapped ions. This is
followed by a 195 free precession period and then
the second 0.5s rf pulse, coherent with the first

one. The laser and mixing microwaves arg on for a
period of 3 to 5 s during which the ®Be ions are
prepared in the (-3/2,-1/2) and (-3/2,+1/2)

states. The laser and mixing microwaves are then
turned off during the 20s rf Ramsey interrogation

period in order to avoid light and ac Zeeman
shifts. After the Ramsey interrogation period,
the laser and mixing microwaves are turned back

on, and the signal is obtained from the photomul-
tiplier tube count rate during the first 0.3 to
0.5 s of the laser and mixing microwaves on
period. The theoretical 1line shape for these
conditions is shown in Fig. 3. Figure 4 gives the
signal obtained by averaging 10 sweeps across a
100mHz width centered near the clock transition
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Figure 3.

Theoretical resonance curve for the clock transition,
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Figure 4. Ramsey signal obtained on the clock transition. The sweep width is

100mHz and the frequency interval between points is 5mHz.

are experimental; the curve is a least squares fit.

frequency (i.e., the central portion of Fig. 3).
The 25 mHz linewidth gives a Q of 1.2x10'° on the
303 MHz clock transition.

Figure 5 is a block diagram of the system used
to lock an rf oscillator to the clock transition.
The 303 MHz is obtained by sum-mixing the 294 MHz
frequency doubled output of a frequency synthesizer
(SYNTH 1) with the output of another frequency
synthesizer (SYNTH 2) near 9 MHz. A 5 MHz voltage
controlled crystal oscillator (VCX0) is used as a
reference for SYNTH 2. A passive hydrogen maser
(o (1) = 1.5x10712 72, frequency drift
<3X10'16/day)10 is used as a reference for SYNTH 1.
SYNTH 2, the counter, the laser light shutter, and
the microwave and rf switches are interfaced to a
computer which controls the data acquisition
sequence. The computer steps SYNTH 2 by #*13 mHz
about a frequency near the 303 MHz clock transition
frequency minus 294 MHz. If C;, Cp, and C3 are
three successive signals, the computer calculates an
error signal equal to C; + C3 - 2C,.%45 This error
signal is independent of a linear drift in the total
count rate. The computer simulates an analog
integrator by incrementing a register by a number
proportional to the error signal after each
measurement. The contents of this register are
output to a digital-to~analog converter (D/A), which
steers the VCX0 so as to keep the mean interrogation
frequency (the average of the high and low frequency
half-cycles) as close as possible to the clock
transition frequency. The frequency of the VCXO0 is
compared with the frequency of the passive hydrogen
maser,

Results

The Allan variance of the VCX0 was measured out
to 3.2x10% s. The VCX0 is used as a reference for
SYNTH 2 which provides only 9 MHz of the 303 MHz rf.
By dividing the Allan variance of the VCXO by the
ratio of the «clock transition and SYNTH 2
frequencies (equal to 33.6), the Allan variance,
g (1), of an oscillator stabilized by the entire 303
Mz clock transition is obtained, since frequency
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Figure 5. Block diagram of the frequency servo.
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fluctuations in the frequency doubled 294 MHz output
of SYNTH 1 are negligible. Figure 6 shows o (1) for
six runs of this experiment. The attack “time is
between 300 and 400 s. For times greater than the
attack time, o (1) is falling off as 2x10°%1 ¢ A
measurement of”the v, clock transition frequency is
obtained from each run. A weighted average
frequency, f, is obtained for fifteen 6400s runs by
weighting each run according to its stability o (1)
at 1=1600 s. Y

2
-z (fi/ci )

b3 (1/012)
= 303 016 377.265 077 Hz

The standard deviation of this average is

1

i

- 2 2 2
Z(fi'f) /Oi
¢= (N-132(175.2)

= 44 uHz (1.5x10713),

As noted above, the frequency of the stabilized
VCX0 was measured relative to the passive hydrogen
maser. The uncertainty of the measured frequency of
the passive hydrogen maser relative to the
international definition of the second, based on the
Cs hyperfine separation, is 64 pHz (2.1x10713),
Various experimental parameters were varied to
test for possible systematic errors. The mixing
microwave power was varied by over 20dB. In the
initial stages of this experiment, a 1x107!'2 shift
in the measured clock transition frequency was
observed when the mixing microwave power was lowered

related to the small rf Teakage during the repump-
ing (laser, mixing microwaves on) part of the data
cycle. By switching the SYNTH 2 frequency by +1
kHz during the repumping part of the data cycle,
this shift was made to disappear. Other param-
eters which were varied in order to test for
systematic frequency shifts were the laser power
and the number of ions, each of which was varied
by about a factor of two, and various dead times
which were inserted between parts of the data
cycle. In order to test for frequency offsets
due, for example, to an asymmetric component of
the resonance 1line, the frequency steps were
changed to +0.47 Hz, so that the sides of the
ninth sidelobes, rather than of the central lobe,
were sampled (See Fig. 3). No systematic shifts
were observed at the Jlevel permitted by the
signal-to-noise ratio (a few parts in 1013).

Table 1 lists the estimated systematic errors
for this experiment. The 3 parts in 10%® peak-to-
peak fluctuations in the magnetic field contri-
bute a 3x107!'% uncertainty in the clock transition
frequency. State of the art superconducting
magnets have stabilities 1,000 times better than
the magnet used in this experiment, which could
lower this uncertainty by a factor of 106.
Nonlinearities and frequency drift in the VCX0
could cause servo offsets at the 3x10-'% leveld,
By improving the servo system (for instance,,
linearizing the VCX0 response) this uncertainty,,
could be substantially reduced. The temperature.
of the ions with the laser on was measured to be
approximately 100 mK which corresponds to a second-

order Doppler shift of 1.5x10715. With the laser
off, some heating of the ions was observed.
During the 20s rf Ramsey period while the laser

was off, the ion temperature increased to about
3K. This results in a second-order Doppler shift
of about 5 parts in 10'%. We believe that the
heating observed in this experiment can be
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by 20dB. It was determined that this shift was
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Figure 6. ¢ (t) in this experiment compared with standard and high
peérformance commercial Cs beam tubes.
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TABLE 1. Estimated systematic errors
Systematic Size of )
effect effect Uncertainty
Magnetic field v;= 303 MHz 3 x 10-14
freq. shift
Servo offsets 3 x 10714 3 x 10714
2nd order Doppler 5 x 10714 5 x 10-14
Pulling due to <10-1s
spurious signals
Stark shifts <10-15
1st order Doppler <10-15
Collisions with <10715
background gas
Background slopes <10~15
Coherence between <10-1%

cycles

understood and controlled in future experiments, and
that second-order Doppler shifts at the 1x10 715
level will be obtained. A potential systematic
effect for stored ion frequency standards is a light
shift due to an incomplete reinitialization of the
ion population during the repumping part of the data
cycle'l. Such a shift may be present even though
the light is off during the rf interrogation period,
if coherence survives the repumping period. In this
experiment, the computer random function generator
was used to randomize the phase of the rf before
each rf Ramsey period. This eliminates any syste-
matic light shift. A1l other systematic effects
listed in Table 1 are less than 1x107!5 Unfortu-
nately, the signal-to-noise ratio in this experiment
did not permit reaching the level of the anticipated
systematics of Table 1 in a reasonable amount of
time.

Future Work

As stated in the introduction, the purpose of
this experiment was to study the generic problems of

stored ion frequency standards with cold ions.
Ultimately, the same experiment could be performed
on the 26 GHz field independent ground state

nyperfine trapsition in 201Hg . Based on previous
work with Mg ions?, 10 mHz linewidths should be
obtainable. This would give a line Q of 2.6x1012,

In future experiments, we also expect to load
clouds with as many as 10%5 ions.12 From the
results obtained in this experiment on small

clouds and a 303 MHz clock transition frequency%
we anticipate that a stability of 2x10715 ¢
should be obtainable with a freqgency standard
based on large clouds of 20lHg ions.® The
uncertainty of the anticipated systematic effects
should be comparable to those discussed in the
previous section; thus an accuracy on the order of
1x10 715 is expected. The development of the cw,
tunable, narrogpand source at 194 nm required for
cooling the Hg ions has now been accomplished.13
Experiments on trapping and cooling Hg ions are
being initiated.
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